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Recent sustainability initiatives, such as the Sustainable 
Development Goals1, have provided an opportunity for envi-
ronmental non-governmental organizations (ENGOs) to 

address human well-being and environmental goals2. But to do 
so, ENGOs must rapidly diffuse innovative inter- and multidis-
ciplinary approaches that go beyond traditional approaches to 
conservation3–6 and catalyse organizational learning, adoption, 
and adaptation3,4,7,8. This is especially critical for large, decentral-
ized organizations that may lack sufficient direct authority or staff 
oversight to guarantee uptake of new resources and approaches. 
For instance, large conservation organizations, such as the World 
Wildlife Fund and The Nature Conservancy (TNC), operate in 
dozens of countries in diverse contexts, making top-down change 
challenging. Organizational leaders may appeal to formal author-
ity9 to diffuse innovations and promote organizational learning, but 
these approaches assume innovations can spread and be integrated 
through rigid, formal, and hierarchical organizational structures. 
Further, these approaches can be costly and ineffective9,10.

An alternative approach is to leverage informal networks that 
closely represent actual communication channels and relationships. 
Informal networks may provide a more effective and holistic way of 
spreading and promoting innovations for organizational learning. 
Social network theories have long hypothesized key actors within 
informal networks play a significant role in diffusion and learn-
ing11–15. Within this large literature, informal boundary spanners 
(IBSs) in particular are uniquely positioned within informal social 
networks to diffuse innovations and promote organizational learn-
ing, especially in the early stages of intraorganizational diffusion of 
innovations16–20. IBSs are self-selected individuals who are strongly 
tied to staff within and outside their day-to-day (that is, informal) 
work environments (that is, clusters), and are distinct from for-
mal boundary spanners who hold formal organizational roles that 
include boundary-spanning activities20–22. Research has found IBSs 

can facilitate the flow of information between people or groups who 
may have minimal communication with each other17,20,21,23,24; are 
uniquely situated to develop insights into organizational structures 
and cultures21; often straddle multiple organizational units and may 
demonstrate unique skills to handle complicated tasks in differ-
ent contexts20,21,25,26; and are more receptive to new knowledge and 
more responsive to change27. IBSs differ from bridges (actors tying 
two loosely connected clusters) and other actors within informal 
networks23, as they balance the advantages of bridging (exchanging 
information between groups) and bonding (consolidating the col-
laboration within their primary group) by distributing their social 
capital equally to projects within and outside their cluster28. They 
also provide less redundant information11, and are more efficient in 
spreading information inside and outside their cluster29 compared 
to staff with similar degree centrality or transitivity. IBSs may pos-
sess the freedom and motivation to cross the divisional, hierarchi-
cal and geographic boundaries, which are barriers formal managers 
and boundary spanners must contend with30. While IBSs, bridges 
and formal boundary spanners may share similar network statis-
tics, such as betweenness centrality, IBSs may fundamentally differ 
from other network actors because they are identified by taking into 
account the cohesiveness of network structures, which differs from 
bridges (those spanning between two clusters) or formal boundary 
spanners (those identified relative to formal boundaries, such as 
departments). The network position of IBSs uniquely situates them 
to diffuse innovations.

Despite their potentially significant role in diffusing innovations 
for organizational learning, no study has experimentally tested 
whether IBSs diffuse more information about an innovation than 
non-boundary spanners. Studies examining boundary spanners are 
often limited to smaller social networks31,32, or only investigate formal 
boundary spanners (actors whose primary responsibilities include 
boundary-spanning activities)20,29,33. Studies on large organizations  
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tend to rely on social network surveys to gather data, but this 
approach can suffer from non-trivial non-response and lead to gaps 
in social network structures34. Further, it is extremely difficult, if 
not impossible, to employ an experimental design with large gaps 
in social network structures27. Studies testing aspects of diffusions 
of innovations using social network experiments have been in non-
organizational social networks, such as Facebook35, or have random-
ized participants into artificial networks12. We address these gaps by 
using rich administrative data covering over 800 individuals from 
TNC, one of the world’s largest non-profit conservation organiza-
tions36, to construct a bipartite network37–39 and experimentally test 
the role of IBSs in diffusion of innovations for organizational learn-
ing. Thus, our approach allows us to identify IBSs in a large ENGO, 
randomly assign them to experimental conditions, and estimate 
their role in diffusion of innovations for organizational learning.

We utilize Conservation by Design (CbD) 2.0’s development 
and the rollout of an accompanying tutorial on human well-being 
and conservation (hereinafter tutorial) to experimentally test 
whether IBSs diffuse innovation for organizational learning com-
pared to non-boundary spanners. CbD 2.0 is the guiding science 
principles and strategic framework40 of TNC and an innovation for 
the organization16,19. At its core, CbD 2.0 introduced approaches 
to address complex socio-ecological challenges. First, CbD 2.0 
expanded the organization’s vision by emphasizing people as part 
of its conservation mission, reflecting the organization’s move from 
location-specific conservation projects to focusing on the biggest 
challenges facing nature and people. Second, CbD 2.0 sought to 
incorporate social science methods and evidence into TNC’s poli-
cies and programmes to explicitly address linkages between human  
well-being and nature. Finally, CbD 2.0 emphasized the process 
for developing conservation strategies that create systemic change 
(that is, changing the economic, social and other systems sustaining 
nature and people).

CbD 2.0 marked a significant shift in how TNC works, and there 
is demand for tools and methods to facilitate learning of CbD 2.0 
concepts and practices. A survey on TNC’s practices found that 
only 33 per cent of survey respondents stated they had “capacity 
with internal and external audiences on methods, tools and/or best 
practices” to assess the impacts conservation programmes have on 
people. Further, CbD 2.0 provided the impetus for staff to adopt and 
integrate human well-being into their conservation programmes, 
but TNC did not require staff to adopt CbD 2.0 and its emphasis on 
people. It instead relied on staff to recognize the needs and oppor-
tunities to create greater conservation impacts by incorporating  
people into their work. There is evidence of this recognized need. 
CbD 2.0 generated intense interest within TNC, as nearly 70 per cent 
of staff attended a webinar introducing CbD 2.0 and its approach. 
Thus, the introduction of CbD 2.0, the growing recognition of the 
need to incorporate people into their strategies and the relative nov-
elty of incorporating human well-being with existing conservation 
work created an opportunity for practitioners to learn about and 
adopt new approaches to their conservation practice.

The tutorial addresses this organizational need and was devel-
oped to help practitioners learn more about why and how human 
well-being can be incorporated into conservation strategies. Staff 
were not required to use or disseminate the tutorial. The tutorial 
consists of eight self-guided lessons that take approximately 10–20 
minutes each. The lessons covered topics such as defining human 
well-being and introducing a human well-being framework, incor-
porating human well-being into results chains, developing human 
well-being hypotheses and objectives, developing and selecting 
socioeconomic indicators, socioeconomic monitoring and evalua-
tion methods, and ethics when engaging people.

Our experiment takes place in the North America region of TNC, 
which employs over 2,300 staff across 54 operating units (approxi-
mately 58 per cent of staff and 62 per cent of operating units).  

The primary focus of operating units (OUs) is to advance conserva-
tion goals within their respective geography and focal issues, which 
ultimately advance the organization’s mission. As a result, conserva-
tion activities are often focused within an operating unit’s geogra-
phy, and staff primarily collaborate and work within their operating 
unit, which is itself its own social system.

We randomly assigned 26 operating units to one of two condi-
tions: (1) IBS targeting (hereinafter treatment) and (2) non-bound-
ary spanner targeting (hereinafter control) groups (see operating 
unit examples for each condition in Fig. 1). The experiment tested 
diffusion by sending an email inviting recipients to enrol in the 
online tutorial on human well-being and conservation, and encour-
aged original email recipients to forward the email to staff within 
their operating unit. In the treatment group, tutorial invitations 
were sent to all IBSs in the operating unit. For the control group, 
we selected a random subset of non-boundary spanners equal to 
the number of IBSs in the operating unit. Before randomization, 
we identified IBSs—and by extension the number of non-boundary 
spanners that would be contacted in the control group—by using 
labour hour data to identify clusters in bipartite networks and 
characterizing an individual’s role as an IBS in terms of maintain-
ing strong ties to projects outside as well as within one’s cluster  
(see details in Methods). Email recipients received three emails: one 
invitation email and two follow-up emails. Staff could only access 
the tutorial if they registered and attended a webinar, and a link to 
the registration was embedded within the email sent to the original 
email recipient. Thus, staff that were not originally invited could 
only access the link if they were forwarded an email from an origi-
nal email recipient. As a result, our study examines decentralized 
diffusion because we do not instruct participants with whom they 
should communicate. Registrants were given over 50 different time 
slots over four days to attend the webinar to ensure scheduling con-
straints did not limit participation in the study.

The experiment allows us to investigate three questions covering 
nine hypotheses (Table 1) situated in the ‘diffusions of innovation’16 
process. We use data from administrative systems, staff surveys and 
email platforms. We first investigate IBSs’ receptivity to innovative 
information, their diffusion behaviour, and whether they affected 
operating-unit-level interest in the innovation. We specifically 
examine their likelihood of opening emails (receptivity to informa-
tion about an innovation), forwarding emails (diffusion of informa-
tion about an innovation), enrolling in the tutorial at an individual 
level, and the collective actions at operating-unit level (interest in 
the innovation). Diffusion of innovations requires awareness about 
the innovation16, and a precursor to awareness in our experiment 
is that email recipients must be receptive to new information. Our 
proxy variable for receptivity is a variable measuring the number 
of emails opened. IBSs are more receptive to new knowledge27, and 
as a result we expect email opens to be greater than that of non-
boundary spanners. Once staff are aware of an innovation, the 
innovation must be diffused within the operating unit16. IBSs can 
facilitate the flow of information between groups17,20,21,23,24, and as 
an original email recipient we hypothesize that they will diffuse 
information about the innovation to a greater number of people 
than non-boundary spanners. Here, we proxy intra-operating-unit 
email forwarding by using a variable indicating the number of times 
an email was opened. This variable leverages the fact that we can 
trace an email back to the original email recipient, which allows 
us to track whether the originating email was from an IBS. Finally, 
given greater diffusion behaviour within treated operating units, we 
expect greater enrolment in the tutorial indicating treated operating 
units have more staff at the interest stage of adoption16.

Our second set of hypotheses examines whether formal orga-
nizational roles moderate IBSs’ diffusion behaviour. We test 
whether leadership roles (number of direct subordinates and orga-
nizational hierarchy) and formal-boundary-spanner status affect  
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diffusion capacity. We hypothesize staff with more subordinates and 
whose formal role involves boundary-spanning activities to be more 
likely to diffuse information about the innovation if they are also 
IBSs. By contrast, staff whose primary responsibilities involve man-
agement activities (that is, strategy, supervisory activities) were less 
likely to diffuse information about the innovation because they may 
have limited time to engage in such activities.

Our final question examines whether diffusion of the tutorial 
changes staff attitudes and practices. CbD 2.0 aims to catalyse adop-
tion of a number of sustainability practices, such as establishing new 
partnerships with outside organizations to incorporate new disci-
plinary perspectives41. We do not expect staff to significantly change 
all practices as a result of the tutorial because there is likely a time 

lag between the diffusion, adoption and application of new knowl-
edge16. However, staff in operating units who have heard about the 
tutorial may be more acutely aware of CbD 2.0 and begin adopting 
CbD 2.0 concepts in some of their work. Here, we use data on 18 
attitudes and practices from a staff survey on CbD 2.0 concepts and 
practices from a subset of employees (from n =  98 to n =  420) to test 
whether being in the treated group significantly changes attitudes or 
practices, accounting for multiple hypothesis testing.

All hypotheses are tested using mixed effects models to account 
for the nesting of respondents in informal groups. Equations and 
model details are shown in the Methods section. Table 1 presents all 
hypotheses and main results, and detailed model results are in the 
Supplementary Information.
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Fig. 1 | Sociograms for treatment and control operating units within the North America region of tNC. a, A sociogram for an operating unit in the 
treatment group. b, A sociogram for an operating unit in the control group. IBSs are represented by white nodes, non-boundary spanners are represented 
by grey nodes, and projects are represented by black nodes. Nodes with orange circles are people targeted by the experiment. Black lines represent ties 
from people to projects in the same cluster, and grey lines represent ties from people to projects in different clusters.
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Results
We find IBSs play an important role in diffusing innovations for 
organizational learning. They were 2.8 times more likely to open 
the invitation email (β =  1.0, t(23) =  3.1, p <  0.01, H1 in Table 1) 
and four times more likely to forward the email compared to non-
boundary spanners (β =  1.4, t(23) =  3.4, p <  0.01, H2 in Table 1). 
These results are robust, as 33 per cent and 39 per cent of the results, 
respectively, must be due to bias to invalidate the statistical infer-
ence42. Our results indicate that diffusion was not conditional on 
interest in an innovation, as IBSs were no more likely to enrol in the 
tutorial than non-boundary spanners (H3 in Table 1).

Our findings also indicate IBS behaviour increased operating-
unit-level receptivity to innovation and diffusion behaviour. We 
found a significant treatment effect on the number of people open-
ing and diffusing the invitation email for operating units where IBSs 
were targeted. Targeting IBSs resulted in nearly twice the number 
of people opening emails (β =  0.68, χ2 =  4.1, p <  0.05, H4 in Table 1)  

and 3.5 times the number of people forwarding emails (β =  1.3, 
χ2 =  8.3, p <  0.01, H5 in Table 1) compared with operating units tar-
geting non-boundary spanners.

IBSs’ diffusion behaviour, however, can be affected by formal and 
informal organizational roles. We found a negative interaction effect 
between being an IBS and the number of direct subordinates (Fig. 2a;  
β =  − 0.52, t(137) =  − 2.2, p <  0.01, H6 in Table 1). The significant 
conditional IBS effect (β =  2.3, t(22) =  3.4, p <  0.01) was offset when 
IBSs had four or more subordinates. Similarly, organizational hier-
archy had a significant negative moderating effect on IBSs’ diffusion 
behaviour (Fig. 2b; β =  − 0.69, t(137) =  − 2.4, p <  0.05, H7 in Table 1).  
The significant conditional IBS effect on the probability of forward-
ing the invitation email (β =  2.7, t(22) =  3.4, p <  0.01) was offset 
when an IBS was at or above the fourth level of the organizational 
hierarchy. Individuals holding both informal and formal boundary 
spanner roles were no more likely to diffuse information than indi-
viduals only holding an IBS role (H8 in Table 1).

Table 1 | Research questions, hypotheses and results

Hypothesis Model Coefficient

Are IBSs more receptive to innovations, and do they diffuse innovation compared to non-boundary spanners?
(H1) Boundary spanners are more likely to read emails. A 1.0** (0.33)

(H2) Boundary spanners are more likely to diffuse information. A 1.4** (0.41)

(H3) Boundary spanners are more likely to enroll in the human well-being and conservation tutorial. A 0.18 (0.59)

(H4) More staff read invitation emails in operating units that target informal boundary spanners. B 0.68* (0.34)

(H5) More people diffuse innovation in operating units that target informal boundary spanners. B 1.3** (0.44)

Do other organizational roles moderate the effect of IBS status on diffusing innovation?
(H6) Boundary spanners’ diffusion activity will be positively moderated by their supervisory position. A − 0.52** (0.20)

(H7) Organizational hierarchy has a negative moderating effect on boundary spanners’ likelihood of diffusing innovation. A − 0.69** (0.28)

(H8) IBSs’ diffusion behaviour will be positively moderated by their formal boundary spanner role. A − 1.1 (0.80)

Did diffusion of the tutorial lead to staff changing attitudes and adopting CbD 2.0 practices?

(H9) Staff in operating units where IBSs were targeted changed attitudes or adopted new practices. C 0.22*** (0.06)

A, B and C in the column ‘Model’ refer to multilevel logistic regression, negative binomial regression and multilevel linear regression, respectively. Dependent variables for the models are as follows:  
(H1) one if opened email; (H2, H6–H8) one if email opened more than three times; (H3) one if registered for tutorial; (H4) total email opens at the operating-unit level; (H5) total number of people at the 
operating-unit level; (H9) four-point Likert scale. Coefficients display the IBS effect for H1–H5 and H9, and the interaction effect of being an IBS and a staff’s organizational role for H6–H8. For H9 we tested 
18 attitudes and practices, one of which was statistically significant after conducting a Bonferonni adjustment and using robustness indices described previously42. We present the results for the question 
asking, “To what extent do you agree that applying the CbD 2.0 approach has increased the number of contexts in which we can work?” Full model results are presented in Supplementary Tables 2,4–11. 
Results for all attitudes and practices tested in H9 are shown in Supplementary Table 11. ***p <  0.001, **p <  0.01, *p <  0.05.
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Finally, results indicate that diffusion of the tutorial did not 
result in any changes in practices targeted by CbD 2.0. But further 
analysis suggests staff changed attitudes on broad, transdisciplinary 
aspects of conservation work in early project stages (for example, 
planning) that complement practices directly targeted by CbD 2.0. 
Out of 18 questions on attitudes and practices measured in a survey, 
staff in operating units where IBSs were targeted were more likely 
to agree that conservation applies in a greater number of contexts 
(β =  0.22, t(23) =  3.9, p <  0.001, H9 in Table 1). This result remained 
statistically significant after applying the Bonferroni adjustment to 
account for the inflated Type I error rate. Further, using robustness 
indices reported previously42, 44 per cent of the estimated effect 
would have to be due to bias to invalidate this statistical inference.

This result corresponds with qualitative interviews conducted 
with the same study population, and the qualitative data also pro-
vide support that the organization was in the early stages of the 
diffusions of innovation process (that is, awareness rather than 
implementation). The qualitative data come from 20 interviews 
conducted with 10 staff who were identified as IBSs, and 10 staff 
who were not IBSs. In those interviews, IBSs were more likely to 
express positive views about CbD 2.0 (70 per cent versus 20 per 
cent), and they were also more interested in learning about CbD 
2.0. IBSs also more commonly framed CbD 2.0 as a major change 
rather than an evolution of past practices in their statements (30 per 
cent versus 0 per cent), and were more informed about CbD 2.0 (for 
example, being able to articulate specific components of CbD 2.0 
and its innovations) (40 per cent versus 10 per cent). 

Discussion
Historically, the approach of TNC involved conserving biodiver-
sity through land acquisitions and conservation easements. The 
evolution of CbD provided a new focus on tackling sustainability 
challenges at the intersection of human well-being and nature con-
servation. As ENGOs like TNC work to safeguard the planet’s life-
support systems and address pressing sustainability challenges43, 
they must continue to incorporate inter- and multidisciplinary 
approaches to their strategies5,6. This requires dynamism44 and 
leveraging creative approaches to diffuse innovations for organiza-
tional learning, and ENGOs should pursue learning initiatives that 
fit their organizational culture and structure. Global ENGOs, such 
as TNC, increasingly have flatter organizational structures, and top-
down approaches to diffuse innovations for organizational learning 
may be ineffective. Further, ENGO policies typically do not rely on 
purely technical solutions where knowledge is embedded in a tech-
nology (for example, a chlorine tablet for clean water), and instead 
rely more on staff to adopt, adapt and implement strategies (for 
example, working with farmers to implement sustainable conserva-
tion agriculture practices). As a result, ENGOs may rely more on 
intraorganizational resources, such as IBSs, to disseminate knowl-
edge to meet shifting demands and contexts.

We find IBSs can amplify diffusion about an innovation during 
the early stages of organizational learning, such as raising awareness 
and aligning attitudes about an innovation. Our findings suggest 
utilizing administrative data to leverage informal networks can help 
ENGOs diffuse innovations for organizational learning without 
relying on organizational mandates or costly training programmes. 
Further, our analysis on staff attitudes and practices indicate diffus-
ing innovations via IBSs led to more staff aligning their attitudes 
with the innovation. Changing attitudes is a preliminary step in 
behaviour change45, and our results indicate sustainable, long-term 
changes that will eventually lead to changes in practices across the 
organization. This effect is significant five months after the exper-
iment—a time period long enough to suggest lasting changes in 
attitudes, indicating that targeting IBSs’ did not create a temporary, 
immediate effect on staff attitudes and behaviours. From an organi-
zational perspective, five months is a relatively short time period for 

changing organizational norms and practices in a complex social 
system.

Our study advances the social network and organizational learn-
ing literature in several ways. We use large administrative data to 
map informal social networks, making it possible to experimentally 
test IBSs’ diffusion behaviour in a large sustainability-focused orga-
nization. Further, most studies examining social network interven-
tions do not investigate clusters, and instead focus on actor-specific 
characteristics, such as those with the highest in-degree, regardless 
of the network structure46. We instead explicitly analyse network 
structures, identify theoretically important actors, and test whether 
these actors can be leveraged for organizational learning. Although 
past studies have found informal network actors are important 
for organizational learning11,14,15,28,47,48, the focus of these studies 
has not been on IBSs, which take into account network structures 
and are unique from other actors often identified in informal net-
works17,20,21,23–27,30. Our findings support studies asserting boundary 
spanners may be strong change agents even though there may not 
be a strong association between being a boundary spanner and an 
early adopter of an innovation27.

For ENGOs adapting to address sustainability challenges, our 
study demonstrates the possibility of using administrative data to 
generate sociograms for illuminating informal social network struc-
tures so as to facilitate understanding of the diffusion of innova-
tions for organizational learning. In our study, IBSs identified via 
informal networks were significantly more likely to diffuse infor-
mation about an innovation, which demonstrates how informal 
network attributes may especially be important for organizational 
learning. In global, geographically disperse ENGOs in particular, 
bipartite networks built using projects-level data may especially 
be appropriate for understanding dynamic informal networks, as  
staff can choose to participate in, and build, these emergent net-
works (co-generation). To facilitate organizational learning, our 
results suggest ENGOs can create venues (projects) to explicitly 
modify network structures49, or link IBSs to external groups with 
new knowledge to leverage their unique network positions25,50. Like 
CbD 2.0, large ENGOs are increasingly interested in incorporating 
inter- and multidisciplinary approaches, and our results indicate 
mapping informal networks using administrative data opens new 
avenues for ENGOs to understand network structures to strategi-
cally allocate organizational resources. ENGOs are important stake-
holders seeking to help advance sustainability goals, but they need 
to be dynamic and adaptable to articulate and design policies to 
address complex socio-ecological challenges. Our study indicates 
IBSs and administrative data can be an important resource for  
this process.

Methods
Sample. Our analytic sample consists of 821 staff from 26 operating units out of the 
1,256 staff from 54 operating units. We excluded staff who left the organization and 
were not full-time employees (seasonal or part-time) (n =  63). We also excluded 
operating units with fewer than 10 staff because it was not possible to reliably 
identify clusters within these operating units (j =  9, or n =  64, where j represents 
operating units). Given the clustering analysis (described below in ‘Identifying 
IBSs’), we dropped three operating units because there were no clusters (n =  39). 
This occurred in operating units where networks consisted of a long chain of 
people and projects, or when people were dropped because some individuals were 
the only ones connected to an event. Twelve operating units were dropped because 
they were partitioned for a separate study (n =  262). Finally, of the operating units 
where we could identify clusters, we excluded operating units that had no IBSs 
(j =  4, n =  70). Operating units that were not included in the study tended to have 
21 fewer staff, 6 per cent more conservation staff, 4 per cent more executive staff, 
and 11 per cent fewer science staff (see Supplementary Table 15).

Data. We primarily used administrative data and three primary data sources. 
Proprietary administrative data contain information on employee labour hours, 
staff attributes, formal organizational hierarchy, and participation in continued 
educational training. IBSs were identified using administrative staff labour hour 
data, which were pulled for 4 July 2014 to 22 May 2015. Labour hour data included 
data on project codes where staff charged their time. Primary data came from three 
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sources. First, we used the Constant Contact platform to gather information on the 
number of total email opens and unique opens per recipient. Second, a registration 
and follow-up survey was created using Microsoft Sharepoint, which collected 
further information on staff referrals, perceptions and conservation practices. 
A detailed timeline of the experiment and data collection events are shown in 
Supplementary Fig. 4. Finally, we conducted a survey to collect longitudinal data 
on staff ’s conservation practices and beliefs, as well as questions on the CbD 2.0 
practices. The baseline data collection was from 12 May–26 June 2015. The follow-
up survey was from 5 May–9 June 2016. The response rate for both survey rounds 
was 46 per cent. We found people with higher job grades had a higher tendency to 
respond to the survey (β =  0.34, t(921) =  7.97, p <  0.001, Supplementary Table 13). 
Some operating units had a higher proportion of people responding to the survey 
(χ2 =  53.56, d.f. =  25, p <  0.001), although we found no differences in non-response 
between treatment and control operating units.

Identifying IBSs. Our experimental protocol requires us to identify IBSs 
before randomization. We identified IBSs using a clustering technique reported 
previously39 for identifying clusters in bipartite networks for each of the 54 
operating units using administrative labour hour data. The algorithm maximizes 
the odds ratio of an individual’s participation in projects within their clusters 
relative to projects outside their clusters. Membership of people and projects in 
the same cluster increases the odds of the presence of network ties. The network 
data are defined by staff co-membership on projects within their operating unit. 
Connections between people and projects imply people are related to each other 
through common projects. To reflect tie strength, we weighed the connection 
between people and projects by the number of hours staff worked on a project, 
and applied inverse weights by the number of staff on a given project, where 

= + +( )tie strength 1 log 1 work hours
project size . This assumed work hours and project size 

increase and decrease, respectively, the likelihood of people interacting with each 
other. IBSs were identified based on clustering results. Individuals participating in 
at least three projects within and outside their clusters were identified as IBSs, as 
they are above the 75th percentile on the joint distribution of within and between 
cluster ties. In total, 25 per cent of our sample were identified as IBSs. We also did 
not find that observable characteristics (for example, years at TNC, leadership 
positions) predict IBS status (see Supplementary Table 12).

Figure 1a illustrates the sociogram for an operating unit in our sample after 
clustering. The operating unit has 13 people participating in 24 projects, clustered 
into 5 groups. We identified five people as IBSs. The cluster in upper right corner 
of Fig. 1a consists of one IBS, three non-boundary spanners, and six projects.  
The IBS with ID 7 has four within-group ties to in-group projects (IDs O, Q, S  
and T), and three between-group ties to outside-group projects (IDs F, H and W).  
In contrast, the non-boundary spanner with ID 10 has two within-group ties 
to in-group projects (IDs O and T). Through an individual’s location in the 
sociogram, we can see the staff with ID 7 has a structural advantage compared to 
the staff with ID 10 to engage in boundary-spanning activities within and across 
clusters to diffuse innovations.

Experimental protocol. Our experimental protocol followed a five-step process 
(see Supplementary Fig. 8) and employed a randomized block design. We first 
identified IBSs using administrative data (described above). We then calculated 
the proportion of people in the operating unit identified as IBSs. Given that an 
individual’s boundary-spanning behaviour could be influenced by the proportion 
of IBSs in an operating unit, we introduced a blocking variable (that is, the 
proportion of people in each operating unit who are IBSs) into the experimental 
design to decrease the within-group variability and increase precision and 
statistical power (see Supplementary Fig. 4). We created two blocks. The first block 
included operating units where the proportion of people who are IBSs is below 
the overall median, and the second block is for operating units above the median. 
Sociograms in Fig. 1a,b are two operating units that have an equivalent proportion 
of staff who are IBSs (that is, 40 per cent above the median proportion, and hence 
are included in the second block).

Twenty-six operating units were assigned to (1) IBS targeting (treatment) and 
(2) non-boundary spanner targeting (control) groups. The sociograms presented 
in panels a and b of Fig. 1 illustrate the randomization and experimental protocol. 
Fig. 1a presents a sociogram for the treatment group, and Fig. 1b presents a 
sociogram for the control group. For our experiment, we sent an email invitation to 
IBSs in the treatment group, and email invitations to an equivalent number of non-
boundary spanners in the control group (for example, nodes with a orange circle in 
Fig. 1a,b were targeted for the experiment). In other words, for the control group 
we selected a random subset of non-boundary spanners equal to the number of 
IBSs in the operating unit. In the case of the operating unit represented in Fig. 1b, 
there are six IBSs, which meant we randomly selected six non-boundary spanners 
to receive the email (represented by nodes with orange circles).

The tutorial invitation (see Supplementary Fig. 1) encouraged staff 
to participate in pilot testing an online tutorial on human well-being and 
conservation. Initial email recipients received three emails: one invitation email 
and two follow-up emails. The email message encouraged staff to register to learn 
more about the tutorial via a 30-minute webinar that provided a brief description 
and access to the tutorial. All email recipients were encouraged to forward the 

email to relevant staff within their operating units. Staff could only access the 
tutorial if they registered and attended the webinar, and could only register  
and access the tutorial if they received the email invitation from an original  
email recipient.

Dependent variables. We tested our hypotheses using five dependent variables, 
which came from the Constant Contact system, TNC’s internal tutorial  
registration system, and online surveys. The Constant Contact system tracked 
emails through images and links embedded in emails. To maximize image and  
link tracking, all invitation emails prominently encouraged staff to load images in 
the email, and we also included details about the tutorial within the image  
(see Supplementary Fig. 1).

We first created a binary variable indicating whether the recipient opened the 
tutorial invitation email. This variable represents receptivity to new information. 
We employ a binary proxy variable representing whether the email recipient 
forwarded the invitation to staff within their operating units, which captures 
diffusion behaviour. The variable was assigned a value of one if the recipient 
opened the email at least three times. We believe this is a plausible assumption 
given that email recipients are unlikely to open an email more than twice, even if by 
accident. Our third outcome variable comes from the registration system, and is a 
binary variable assigned a value of one if a staff registered for the human well-being 
tutorial and zero otherwise. This variable represents interest in the innovation by 
the email recipient. Furthermore, we developed two operating-unit-level variables 
capturing whether targeting all IBSs had an overall effect on measures within the 
operating unit. Our first variable measured the total number of opens within an 
operating unit. The second variable is a binary variable where we measured the 
total number of people in an operating unit who forwarded at least one email 
within an operating unit. To assess changes in practice, we examined 18 attitudes 
and practices in the staff survey, each using a 4-point Likert-scale with responses 
ranging from strongly disagree to strongly agree. Attitudes and practices are listed 
in Supplementary Table 11.

Empirical strategy. We estimated generalized linear mixed-effects models utilizing 
an adaptive Gaussian quadrature for binary outcomes. Models were fitted with 
predictors at the staff level, operating-unit level and with cross-level interactions. 
Because we designed the experiment at operating-unit level, which exclusively 
targeted either IBSs or non-boundary spanners for information diffusion in a given 
operating unit, we estimated the IBS effect via an operating-unit-level treatment 
status indicator, accounting for the dependence of individuals’ behaviour within 
each operating unit. As a result, we interpret the treatment status variable as the 
IBS effect for all generalized linear mixed effects models. For operating-unit-level 
aggregated count outcomes, we estimated generalized linear models because 
outcomes were continuous. For continuous outcome variables, we used a mixed 
effect general linear model to test the operating-unit treatment effect on individual 
changes in practice51.

We used HLM7 to estimate generalized linear mixed effects models. H1–H3 
tested operating-unit-level treatment effects of targeting IBSs on opening emails, 
forwarding emails and enrolling in the tutorial (professional development), 
respectively. We use the outcome, forwarding emails, as an example below  
for the model specification. The other two outcomes follow the same model 
specification. The model estimated the following for an individual i in  
operating unit j such that:

Link function:

β ϕ= ∣ =Pr(forwarding emails 1 )ij j ij

ϕ ϕ η∕ − =log[ (1 )]ij ij ij

Mixed model:

η γ γ γ= + + + utreatment blockij j j j00 01 02 0

where ηij is the transformed individual-level dependent variable of ‘forwarding 
emailsij’. The coefficient of interest is γ01, which represents the operating-unit-level 
treatment effect of targeting IBSs for information diffusion.

For H6–H8, we tested the cross-level interaction of an individual’s leadership 
role and IBS status of forwarding emails for individual i in operating unit j. We use 
the number of direct subordinates as an example for the model specification. All 
other leadership roles (that is, organizational hierarchy [continuous count variable] 
and formal boundary spanner designation [binary variable]) have the same model 
specification.

Link function:

β ϕ= ∣ =Pr(forwarding emails 1 )ij j ij

ϕ ϕ η∕ − =log[ (1 )]ij ij ij
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Mixed model:

η γ γ γ γ

γ

= + + +

+ × × + u

treatment block

the number of direct subordinates

treatment the number of direct subordinates

ij j j

ij

j ij j

00 01 02 10

11 0

where ηij is the transformed dependent variable of ‘forwarding emailsij’. The 
coefficient γ11 is the moderating effect of the number of direct subordinates,  
on the treatment effect of targeting IBSs for information diffusion on an 
individual’s likelihood of forwarding emails. γ01 represents the operating-unit-level 
treatment effect of targeting IBSs for information diffusion. γ10, meanwhile, is the 
individual-level effect of the number of direct subordinates on the likelihood of 
forwarding emails.

For H4 and H5 we estimated a generalized linear model. The dependent 
variable is the aggregated measure at the operating-unit level, j. We use the 
outcome for the number of people who forwarded the email in operating unit j to 
illustrate our model specification. Other count outcomes follow the same model 
specification. The model takes the form:

Link function:

η=log(the number of people forwarding emails in OU)j j

Model:

η γ γ γ= + + + utreatment blockj j j j0 1 2

where ηj is the transformed dependent count variable. γ1 represents the treatment 
effect of targeting IBSs for information diffusion on the total number of people 
forwarding emails at operating-unit level.

For H9, we estimated the operating-unit-level treatment effect of targeting IBSs 
on individual-level changes in practice for 18 attitudes and practices. We applied 
a Bonferroni adjustment to account for the inflated Type I error rate, and also 
used robsutness indices reported previously42. Below is an example for the model 
specification.

Mixed model:

γ γ γ

.

= + + + +u r

CbD 2 0 approach increased the contexts we can work

treatment block

ij

j j j ij0 1 2

where the dependent variable is a change score on an individual’s beliefs on the 
number of contexts they can work as a result of applying CbD 2.0 approaches. The 
coefficient of interest is γ1, and represents the operating-unit-level treatment effect 
of targeting IBSs for information diffusion on an individual’s change in their beliefs.

Randomization. Randomization checks revealed original email recipients in the 
treatment and control groups were largely similar on observable characteristics  
(see Supplementary Table 14). Organizational tenure, salaries, professional 
development training, membership in communities of practice and other variables 
were largely the same. There were, however, two significant differences between 
the original email recipients in the treatment and control groups. Original 
email recipients in the treatment groups consisted of more staff members in the 
executive job family (7.1 per cent) and had more direct reports, although the 
difference is negligible at fewer than one staff (0.51). These observable differences 
are only present in the second randomization block (the number of IBSs above 
the overall median). Staff in the executive job family are typically responsible for 
administrative tasks with some managerial responsibilities, and hold positions such 
as program director and chief of staff. Staff in these positions may be more likely 
to engage in formal boundary-spanning activity, but our study explores informal 
boundary-spanning activity. We also explored variation in both formal hierarchy 
and network position and found diffusion behaviour did not significantly vary by 
formal boundary spanner status. To hold constant the difference on the number 
of direct reports, we included this variable in the model when estimating the 
treatment effect (see Supplementary Tables 8,9).

Internal validity and robustness checks. There are several threats to internal 
validity, but we fail to find compelling evidence that they are concerning for our 
overall results. Spillover of email invitations to other operating units is perhaps the 
largest threat to internal validity. Invitation emails explicitly asked for emails to 
only be diffused within operating units, but email recipients may have overlooked 
this request. We find no evidence of spillover from communications. For instance, 
individuals that registered for the webinar only reported receiving emails from staff 
within their operating unit. In addition, original email recipients may have known 
the email sender, making it more likely to open and send the email to staff.  
The email sender, however, knew 2 people of the original 178 email recipients, 
making it unlikely this is a threat to internal validity.

Our study relies on the assumption that bipartite network data provide a good 
approximation of informal social networks. While formal social networks based 

on organizational hierarchy are relatively easy to identify, informal networks 
typically rely on survey data. We believe our bipartite network data are largely 
representative of informal networks. Frank et al.52 demonstrated ties in affiliation 
networks could predict ties in self-reported friendship network, providing support 
for this assumption. A subset analysis for two groups using informal network data 
collected via a sociometric approach with over 70 percent response rates from our 
study population revealed odds ratios above 50 for administrative data to predict 
sociometric ties. Finally, labour hours and project code data represent how staff at 
TNC operate and interact, adding further confidence that bipartite network data 
represent informal networks. TNC’s funding structure dictates staff account for 
every hour of their day to project codes. As a result, we believe the administrative 
labour hour data are representative of the regular informal interactions that take 
place in the work place.

Limitations. Our results and investigation indicate several areas for further 
study. First, our study employed a proxy variable for forwarding behaviour, and 
future work should focus on gathering direct measures of forwarding behaviour. 
However, we recognize this may be challenging due to privacy concerns. In 
addition, although our results demonstrate IBSs diffuse innovations more 
than non-boundary spanners, further work should explore what drives these 
behaviours. IBSs may be more receptive to new information because of their 
diverse project portfolio and work environments. They also have a potentially 
larger target audience to diffuse innovations compared to non-boundary spanners, 
and they are believed to play an active role in diffusing innovation20–22. It is also 
possible that IBSs are interested in the innovation and, as a consequence, engaged 
in professional development activities that promote innovation adoption, although 
our study did not find that IBSs were more likely to enrol in the tutorial. IBSs 
may also have distinct intrinsic characteristics that make them behave differently 
from non-boundary spanners. For instance, IBSs may be more extroverted, thus 
driving their overall propensity to engage in diffusion behaviours. They may also 
have motivations that may or may not be parallel to advancing the organizational 
mission32,47,53. Finally, future studies should allow a longer time lag between an 
experiment and measurement of staff attitudes and behaviours, or practices.

Ethics statement. The project was reviewed by the Human Subjects Research 
Reviewer at TNC, and the primary survey data and protocol to collect was 
approved by Michigan State University’s Institutional Review Board. Because 
there was minimal risk of harm to participants from being sent an email it was not 
necessary to submit the project for institution-wide ethics review.

Data availability. Data may be available upon request subject to permission from 
TNC. These data are under licence for the current study from TNC and restrictions 
apply to the availability of these data.

Received: 21 September 2017; Accepted: 2 March 2018;  
Published: xx xx xxxx

References
 1. Transforming Our World: The 2030 Agenda for Sustainable Development 

(United Nations, 2015).
 2. Wood, S. L. & DeClerck, F. Ecosystems and human well-being in the 

Sustainable Development Goals. Front. Ecol. Environ. 13,  
123–123 (2015).

 3. Brooke, C. Conservation and adaptation to climate change. Conserv. Biol. 22, 
1471–1476 (2008).

 4. Clark, W. & Dickson, N. Sustainability science: the emerging research 
program. Proc. Natl Acad. Sci. USA 100, 8059–8061 (2003).

 5. Morrison, S. A. A framework for conservation in a human-dominated world. 
Conserv. Biol. 29, 960–964 (2015).

 6. Morrison, S. A. Designing virtuous socio-ecological cycles for biodiversity 
conservation. Biol. Conserv. 195, 9–16 (2016).

 7. Clark, W. C., van Kerkhoff, L., Lebel, L. & Gallopin, G. C. Crafting usable 
knowledge for sustainable development. Proc. Natl Acad. Sci. USA 113, 
4570–4578 (2016).

 8. Reed, M., Evely, A. & Cundill, G. What is social learning? Ecol. Soc.  
15, r1 (2010).

 9. Cross, R., Ernst, C. & Pasmore, B. A bridge too far? How boundary spanning 
networks drive organizational change and effectiveness. Organ. Dyn. 42, 
81–91 (2013).

 10. Kim, D. A. et al. Social network targeting to maximise population behavior 
change: a cluster randomised controlled trial. Lancet 386, 145–153 (2015).

 11. Granovetter, M. The strength of weak ties. Am. J. Sociol. 78,  
1360–1380 (1973).

 12. Centola, D. The spread of behavior in an online social network experiment. 
Science 329, 1194–1197 (2010).

 13. Valente, T. W. Social network thresholds in the diffusion of innovations.  
Soc. Netw. 18, 69–89 (1996).

 14. Coleman, J. S., Katz, E. & Menzel, H. Medical Innovations: A Diffusion Study 
(Bobbs-Merrill, 1966).

NAtuRe SuStAINABILItY | www.nature.com/natsustain

http://www.nature.com/natsustain


© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. © 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Articles NaTurE SuSTaINabIlITy

 15. Becker, M. H. Factors affecting diffusion of innovations among health 
professionals. Am. J. Public Health 60, 294–304 (1970).

 16. Rogers, E. M. Diffusion of Innovations (Collier Macmillan, 2003).
 17. Tushman, M. L. Special boundary roles in the innovation process.  

Adm. Sci. Q. 22, 587–605 (1977).
 18. Williams, P. Special Agents: The Nature and Role of Boundary Spanners  

(ESRC Research Seminar Series, 2010).
 19. Greenhalgh, T., Robert, G., Macfarlane, F., Bate, P. & Kyriakidou, O. Diffusion 

of innovations in service organizations: systematic review and 
recommendations. Milbank Q. 82, 581–629 (2004).

 20. Hustad, E. & Bechina, A. A. Exploring the role of boundary spanning in 
distributed networks of knowledge. Electron. J. Knowl. Manag. 10,  
121–130 (2012).

 21. Levina, N. & Vaast, E. The emergence of boundary spanning competence in 
practice: implications for implementation and use of information systems. 
MIS Q. 29, 335–363 (2005).

 22. Nochur, K. S. & Allen, T. J. Do nominated boundary spanners become 
effective technological gatekeepers? IEEE Trans. Eng. Manag. 39,  
265–269 (1992).

 23. Long, J. C., Cunningham, F. C. & Braithwaite, J. Bridges, brokers and 
boundary spanners in collaborative networks: a systematic review. BMC 
Health Serv. Res. 13, 158 (2013).

 24. Pawlowski, S. D. & Robey, D. Bridging user organizations: knowledge 
brokering and the work of information technology professionals. MIS Q. 28, 
645–672 (2004).

 25. Brown, J. S. & Duguid, P. Organizing knowledge. Calif. Manag. Rev. 40, 
90–111 (1998).

 26. Reagans, R. & McEvily, B. Network structure and knowledge transfer: the 
effects of cohesion and range. Adm. Sci. Q. 48, 240–267 (2003).

 27. Valente, T. W. Network interventions. Science 337, 49–53 (2012).
 28. Davis, J. A., Holland, P. & Leinhardt, S. Comments on Professor Mazur’s 

hypothesis about interpersonal sentiments. Am. Sociol. Rev. 36,  
309–311 (1971).

 29. Frank, K. A., Penuel, W. R. & Krause, A. What is a ‘good’ social network for 
policy implementation? The flow of know‐how for organizational change.  
J. Policy Anal. Manag. 34, 378–402 (2015).

 30. Wright, C. Inside out? Organizational membership, ambiguity and the 
ambivalent identity of the internal consultant. Br. J. Manag. 20,  
309–322 (2009).

 31. Frank, K. A., Zhao, Y. & Borman, K. Social capital and the diffusion of 
innovations within organizations: the case of computer technology in schools. 
Sociol. Educ. 77, 148–171 (2004).

 32. Frank, K. et al. Network location and policy-oriented behavior: an analysis of 
two-mode networks of coauthored documents concerning climate change in 
the Great Lakes region. Policy Stud. J. 40, 492–515 (2012).

 33. Peng, Y. & Sutanto, J. Facilitating knowledge sharing through a boundary 
spanner. IEEE Trans. Prof. Commun. 55, 142–155 (2012).

 34. Tortoriello, M., Reagans, R. & McEvily, B. Bridging the knowledge gap: the 
influence of strong ties, network cohesion, and network range on the transfer 
of knowledge between organizational units. Organ. Sci. 23, 1024–1039 (2012).

 35. Aral, S. & Walker, D. Creating social contagion through viral product design: 
a randomized trial of peer influence in networks. Manag. Sci. 57,  
1623–1639 (2011).

 36. Armsworth, P. R. et al. The size, concentration, and growth of biodiversity-
conservation nonprofits. Bioscience 62, 271–281 (2012).

 37. Borgatti, S. P. & Everett, M. G. Network analysis of 2-mode data. Soc. Netw. 
19, 243–269 (1997).

 38. Doreian, P., Batagelj, V. & Ferligoj, A. Generalized blockmodeling of 
two-mode network data. Soc. Netw. 26, 29–53 (2004).

 39. Field, S., Frank, K. A., Schiller, K., Riegle-Crumb, C. & Muller, C. Identifying 
positions from affiliation networks: Preserving the duality of people and 
events. Soc. Netw. 28, 97–123 (2006).

 40. Conservation by Design 2.0 Guidance Document (The Nature  
Conservancy, 2016).

 41. Reddy, S. M. W. et al. Intra-organizational networks and the spread of 
evidence-based practices. Health Care Manag. Rev. 42, 292–302 (2017).

 42. Frank, K. A., Maroulis, S. J., Duong, M. Q. & Kelcey, B. M. What would it 
take to change an inference? Using Rubin’s causal model to interpret the 
robustness of causal inferences. Educ. Eval. Policy Anal. 35, 437–460 (2013).

 43. Kates, R. W. et al. Sustainability. Science 292, 641–642 (2001).
 44. Cash, D. et al. Knowledge systems for sustainable development. Proc. Natl 

Acad. Sci. USA 100, 8086–8091 (2003).
 45. Guagnano, G. A., Stern, P. C. & Dietz, T. Influences on attitude–behaviour 

relationships: a natural experiment with curbside recycling. Environ. Behav. 
27, 699–718 (1995).

 46. Starkey, F., Audrey, S., Holliday, J., Moore, L. & Campbell, R. Identifying 
influential young people to undertake effective peer-led health promotion: the 
example of A Stop Smoking in Schools Trial (ASSIST). Health Educ. Res. 24, 
977–988 (2009).

 47. Burt, R. S. Brokerage and Closure: An Introduction to Social Capital  
(Oxford Univ. Press, 2005).

 48. Obstfeld, D. Social networks, the tertius Iungens orientation, and involvement 
in innovation. Adm. Sci. Q. 50, 100–130 (2005).

 49. Frank, K. A. et al. The social dynamics of mathematics coursetaking in high 
school. AJS 113, 1645–1696 (2008).

 50. Swan, J. A. & Newell, S. The role of professional associations in technology 
diffusion. Organ. Stud. 16, 847–874 (1995).

 51. Norman, G. Likert scales, levels of measurement and the ‘laws’ of statistics. 
Adv. Heal. Sci. Educ. 15, 625–632 (2010).

 52. Frank, K. A., Mueller, A. S. & Muller, C. The embeddedness of adolescent 
friendship nominations: the formation of social capital in emergent network 
structures. Am. J. Sociol. 119, 216–253 (2013).

 53. Burt, R. S. Structural Holes: The Social Structure of Competition  
(Harvard Business School Press, 1995).

Acknowledgements
This research was supported by David and Lucile Packard Foundation grant no.  
2014-40349. We thank T. Dietz, J. Goldstein and M. Wallace for their thoughtful 
comments and feedback.

Author contributions
Y.J.M., Y.L., S.M.W.R. and K.A.F. designed the research; Y.J.M., Y.L., S.M.W.R., K.B. and 
J.R.B.F. performed the research; Y.J.M., Y.L. and K.A.F. analysed data; and Y.J.M., Y.L., 
S.M.W.R., K.A.F., K.B., J.R.B.F. and J.M. wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
s41893-018-0045-9.

Reprints and permissions information is available at www.nature.com/reprints.

Correspondence and requests for materials should be addressed to Y.J.M.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

NAtuRe SuStAINABILItY | www.nature.com/natsustain

https://doi.org/10.1038/s41893-018-0045-9
https://doi.org/10.1038/s41893-018-0045-9
http://www.nature.com/reprints
http://www.nature.com/natsustain

	Innovation diffusion within large environmental NGOs through informal network agents

	Results

	Discussion

	Methods

	Sample
	Data
	Identifying IBSs
	Experimental protocol
	Dependent variables
	Empirical strategy
	Randomization
	Internal validity and robustness checks
	Limitations
	Ethics statement
	Data availability

	Acknowledgements

	Fig. 1 Sociograms for treatment and control operating units within the North America region of TNC.
	Fig. 2 Adjusted predictions of diffusion by number of direct reports and organizational hierarchy.
	Table 1 Research questions, hypotheses and results.




